Abstract Irrigation with treated wastewater was carried out in an experimental site in Castellon (eastern part of Spain). By using water soil samplers at different depths some physico-chemical parameters (conductivity, pH, major ions, nitrogen species, BOD, COD, and organic matter) were controlled to identify the processes affecting the self-cleaning power of the vadose zone. Modeling of these processes has been carried out by means of the NETPATH software. Two intervals have been considered, the first one from 15 to 180 cm in depth and the second one from 180 to 240 cm, in which ionic exchange processes affecting Na + , Ca 2+ , Mg 2+ , and K + , calcite precipitation, and dolomite and gypsum dissolution are active. The main differences between the intervals are modifications of CO 2 interchange and the behavior of sodium. As a result of the synergic effect of different processes involved there is a good level of purification.
Introduction
Research relevant to the behavior of polluting substances during migration through a vadose zone has, in the past few years, made noticeable progress. Many projects developed in the laboratory, through batch or column experiments, tending to simulate processes of pesticide adsorption (Gómez and others 1993; Beltran and others 1995; Gerritse and others 1996; Moreau and Mouvet 1997) , heavy metal sorption (Flores and others 1997; Ramachandran and D'Souza 1997) , infiltration of saline waters (Appelo and others 1990) , and wastewater purification (Salgot and Pascual 1991) , have been developed. In the laboratory it is difficult to faithfully reproduce field conditions, both environmental as well as lithological and hydrodynamic, and this suggests that these types of studies should be approached from the experimental sites on which the substance to be studied has been applied. With appropriate techniques of sampling of soils and/or soil water (Boulding 1995; Wilson and others 1995) the migration may be controlled in a real context, where the characteristics must be known. Examples of this type of field study on leaching of pesticides can be found in Beltran and others (1993) and Azevedo and others (1997) ; on the transport of nitrates in Jemison and Fox (1994) , Jabro and others (1995) , and Morell and others (1996) ; and studies on purification of wastewater through vadose zone in Bustamante (1990) , Tedaldi and Loehr (1992) , Esteller and others (1994) , and Shahalam and others (1998) . In arid or semiarid countries it is becoming more and more common to use urban wastewater for irrigation, and this is not always subjected to even a primary purification process prior to being used. In reality, the application of treated wastewater on the land presupposes one additional purification treatment of the water since, when the water filtrates through a vadose zone, numerous physical, chemical, and biological processes occur, which cause a decrease in the polluting factor. Establishing the importance of each of the processes considered or trying to quantify them presents a certain degree of difficulty as many of these processes may interact, and, in addition, different processes may give rise to similar results. To help solve this situation it is very useful to apply hydrogeochemical models to determine which processes and reactions have taken place, as well as the scope of these reactions. Most of the models identify and quantify the elements which intervene in the equilibrium reactions based on the states of saturation (states of equilibrium) of water with reference to different phases (minerals, gases, organic compounds, etc.) . This allows one to establish precipitation and/or dissolution tendencies at the same time. Some models also carry out calculation of mass balance in order to determine the amounts of reactives and products of the reaction that dissolve or are precipitated between an initial point and another final point, both being situated along the same flow line. This type of model is called an inverse model. In general, hydrogeochemical models have been applied in the research on groundwater with the purpose of establishing and quantifying which types of chemical modifications are produced in the water of the aquifer. In the research presented here these models have been applied to the study of soil water, as the bases upon which the hydrogeochemical modeling are founded can be extrapolated to this field. There are numerous models available, both speciation as well as inverse, that allow for these hydrogeochemical studies. Among these is NETPATH (Plummer and others 1991) , which enables the calculation of the distribution of different species in solution, molal concentrations, and the activities of each one of the ions and ionic pairs, as well as the saturation indices. In addition, it allows for definition and quantification along a flow line of the chemical reactions and the mass transferences.
The purpose of this paper is to investigate the applicability of this model in the study of reactions presented during infiltration through a vadose zone of wastewater used for irrigation, to quantify the processes that are involved in the purification treatment of this water.
Experimental

Experimental site
To study the physical, chemical, and biological processes that take place during infiltration of treated wastewater used for irrigation through a vadose zone an experimental site was adapted in the unconsolidated aquifer of Plana de Castellon located on the east coast of Spain (Fig. 1) . This experimental site was equipped with porous ceramic suction cup samplers installed along the vadose zone at depths of 15, 30, 60, 120, 180 , and 240 cm. The groundwater level was located at 290 cm, with seasonal variations of a maximum of 10 cm. The irrigation with treated wastewater was carried out following the normal guidelines of local agriculture, that is, an irrigation dose of 8000 m 3 /ha/year and a periodic irrigation every 20 days, with some variations depending on the climatic conditions. The experiment was carried out between the months of June 1992 and September 1993. The soil water samples were collected 3 days after irrigation through the application of a vacuum in the interior of the capsules with a pressure of 60 cbar. The samples of treated wastewater used for irrigation and the samples of soil water were collected in polyethylene bottles and stored in refrigeration at 4ºC until the time of analysis which, in every case, took place within a lapse of no more than 3 days. The parameters analyzed were conductivity, pH, bicarbonates, chlorides, sulfates, nitrates, nitrites, ammonium, phosphates, calcium, magnesium, sodium, boron, chemical oxygen demand (COD), biochemical oxygen demand (BOD 5 ), and organic matter. Analyses were carried out according to standard methods (APHA AWWA WPCF 1995) except for BOD (Clark 1959) and boron (López and others 1993) . To characterize the vadose zone, several tests were carried out through manual perforation with an Edelman helicoidal auger. In the laboratory, texture, content of organic matter, and pH were determined for the samples obtained. The clay fraction was analyzed by X-ray diffraction.
NETPATH model description
The NETPATH software (Plummer and others 1991) includes several programs: DB, WATEQF, and NETPATH. The DB program is an interactive program that allows for storage of chemical analysis data, to be used later in the WATEQF program. The WATEQF program (Truesdell and Jones 1974; Plummer and others 1984) is capable of calculating the distribution of different species in solution, defining molalities and activities of each of the ions and the ion pairs that may be formed. It also calculates the saturation indices of all the phases defined based on the input of analytical data. The results obtained are later used by NETPATH. The NETPATH model is a program designed to define and quantify chemical reactions consistent with the initial chemical data along a flow line (this set of reactions will define the reactive models). To be used it requires the chemical composition of two points situated on the same flow line and the chemical composition of the set of minerals, gases, or organic compounds that represent the reactants or products of the reaction. The program calculates the mass transference (amounts of the phases entering or leaving the dissolution along the flow line) needed to justify the chemical changes observed between the two points.
Results ans discussion
Vadose zone characterization A textural analysis was carried out, obtaining from the different samples the results shown in Table 1 . In the first 90 cm, a first level is defined where the finest fraction is present in a high percentage, later gradually decreasing with depth to reach very low percentages. After the 180 cm mark the silt plus sand fraction predominates with percentages above 90%. Between these two levels, another level can be defined, covering depths between 120 and 180 cm, with a particle size distribution in which the clay fraction is present at a percentage of around 20% and the thickest fraction with percentages of 80%. A determination of the organic matter and pH in these same samples was also carried out. Based on the content of the organic matter, the sample closest to the surface (15 cm) represents soil suitable for crops, whereas the samples collected at a depth of 30 cm represent poor soil. The rest of the samples are catalogued as very poor (Table 1) . To find out more exactly the mineralogical composition of the clays present in the vadose zone these have been analyzed using the X-ray diffraction technique, with which an identification as well as an approximate quantification (in percentages) of the type of existing clay can be obtained (Table 1 ). The most abundant clays, in all of the samples, are those of illite type, finding a maximum of 83% at a depth of 60 cm and a minimum of 68% at the topmost level (30 cm). This is followed in abundance by smectite, whose presence is quantified around 15%, with a maximum value of 23% in the sample taken at a depth of 30 cm. The least abundant clays are those of the kaolinite type, with percentages which vary between 2 and 9%.
Leaching experiment
All of the controlled pollutants along the profile of the vadose zone, except nitrates, undergo an important decrease in concentration as they infiltrate through the vadose zone, due to the effects of the physical, chemical, and biological processes which take place (Esteller and Morell 1993) . This decrease in the polluting charge of the percolated water, as well as the variations in concentrations which the other physico-chemical parameters undergo, may be seen in Table 2 Physico-chemical characteristics of treated wastewater and soil water at 240 cm depth (mean values) the characteristics of the treated wastewater used for irrigation with that of soil water collected in the sampler installed at a depth of 240 cm (mean values of the time studied). The variation in concentration with the depth (data in percentage) of each one of the controlled parameters is also quantified. In general terms, it can be seen that the vadose zone acted as a filter eliminating organic compounds, which is reflected in a decrease in organic matter, BOD 5 , and COD, basically as an effect of the biodegradation which affects the organic substances present in the treated wastewater. This process takes place in the top layers of soil where the available oxygen, as well as the microbial activity, is very high. Other processes which may contribute to these decreases are the adsorption of organic particles present in the soil and volatilization. It was also seen from graphs of the evolution of BOD 5 , COD, and organic matter along the profile of the vadose zone (Fig. 2 ) that there were maximum values at a depth of 60 cm. This seems to be linked to the presence of relatively anaerobic conditions. The texture at this level is very fine, which makes the entrance of air difficult, and, at the same time, facilitates the maintenance of a high degree of saturation for long periods of time. It has also been proven that there is a slight increase at a depth between 180 and 240 cm, which might be related to the elevated saturation of the pores at this depth, since the groundwater level is found very close by. The different processes and transformations that affect the behavior of nitrogen in all of its forms deserve special mention. The nitrification of ammonium and nitrites and the mineralization and later nitrification of organic nitrogen has been proven. Other modifying processes, which may be present since conditions seem to be favorable, are volatilization of ammonium and a certain amount of denitrification. 
Fig. 2
Temporal evolution of BOD 5 , COD, and organic matter in vadose zone
Leaching of nitrates (Fig. 3) can also demonstrated. At the outset of the experiment, leaching of this ion, present in the vadose zone because of previous fertilization, was seen. This produces a drag throughout the profile of the vadose zone, since irrigation with treated wastewater does not imply large amounts of nitrates. Months after irrigation was started some nitrogenated fertilizers were applied, which caused an important input of nitrates. After this application, progress in nitrates, with concentrations above 500 mg/l, was seen throughout the vadose zone. A similar leaching process was seen, although not as intensely, affecting the sulfates. The application of fertilizers also implies contributions of sulfates which, later, due to the effects of irrigation, leach. Cations are affected, among other processes, by ionic exchange, mainly between calcium and ammonium, in the first centimeters of the profile, and between potassium or sodium and calcium or magnesium. The important decrease in the concentration of potassium in the first few centimeters of the vadose zone due mainly to this exchange process should be highlighted (Fig. 4) . The clay minerals and organic matter present have a high exchange capacity, with the smectite having a capacity which
Fig. 3
Temporal evolution of nitrate concentration in the vadose zone varies between 80 and 150 meq/100 g, the illite between 10 and 40 meq/100 g, the kaolinite between 3 and 15 meq/100 g, and the organic matter between 150 and 400 meq/100 g at pH=8 (Custodio and Llamas 1983) . The precipitation of certain compounds has also been proven. An example is phosphates which, in the presence of calcium, precipitate in the first 60 cm of the vadose zone (Fig. 5) . Ion adsorption or fixation in the clay minerals, organic matter, or humic complexes affects various compounds, such as ammonium, organic compounds, phosphates and, to a lesser degree, boron, especially at the topmost level of the vadose zone, where the amount of clays and organic matter present is quite high. Another process to be taken into consideration is the concentration due to evapotranspiration. This is note-
Fig. 4
Temporal evolution of potassium concentration in the vadose zone
Fig. 5
Temporal evolution of the phosphate concentration in the vadose zone worthy in the first centimeters, especially in the summer months, giving rise to a concentration in salts, which is clearly shown in the values of conductivity and chlorides at the topmost level.
Modeling results
Modeling has only been applied to a certain number of the possible geochemical reactions produced in the vadose zone, as these reactions are of a very diverse nature and great complexity. This simplification limits the validity of the results obtained, but allows, at a first approximation, identification of some of the processes which take place in the vadose zone as well as establishing the magnitude of these reactions. cm. This discretization of the modeling has been carried out based on the results of the study of the evolution of physicochemical parameters along the profile of the vadose zone, in which the evolutionary tendency of the majority of the parameters underwent a change starting at a depth of 180 cm. The results obtained from WATEQF have established that the soil water samples collected from different depths are seen to be oversaturated in calcite as well as dolomite, with saturation indices above 0.7 for calcite and 0.9 for dolomite. On the other hand, all of the samples were undersaturated in gypsum, with saturation indices between -0.4 and -0.8 (Table 3) . The soil water is also oversaturated in hydroxiapatite, with indices of 7.89 at a depth of 30 cm (sampling March 1993). Calculation of these saturation indices implies certain errors, since the determination of pH as well as that of bicarbonate are carried out in the laboratory. In addition, a constant temperature has been assumed along the whole profile of the vadose zone. The reactive models defined through NETPATH for the different samplings taken into consideration are very similar. As an example, in Table 4 (Table 5) , the reactive models define dolomite precipitation (model 1), and K + (model 2) or Na + ion expulsion (model 3), but the amount of these reactions is minimal (0.05 mmol/l), and thus they may be considered as non-indicative. The values for mass transference show that the more important processes are calcite precipitation, with maximum values of 3 mmol/l, gypsum dissolution, with amounts between 1.1 and 1.9 mmol/l, Ca 2+ -Na + ionic exchange, with values around 2 mmol/l, and CO 2 enrichment with values of 2 mmol/l, which comes from oxidation of the organic matter present both in the soil as well as the treated wastewater used for irrigation. For the gypsum dissolution, this reaction not only refers to the dissolution of this substance, but also the sulfates present in the soil due to earlier fertilizations. The models considered for the points corresponding to depths between 180 and 240 cm (samplings of September and November 1992) are shown in Table 6 . It can be seen The reactions described here are a consequence of the existing conditions in this depth interval. This level falls within the capillary fringe and, thus, may produce a mixing process between the infiltrated water and groundwater that gives rise to the reactions described above, as well as stricter aerobic conditions. The mass transference values obtained in these reactive models for the different depth intervals are approximated because the majority of elements, in addition to intervening in the reactions described above, also participate in others. A good example is the calcium ion, which, in addition to being implicated in some of the processes described here, also comes into play in phosphate precipitation and Ca 2+ -NH 4 + exchange reactions. It may be supposed that some of the reactions described above vary with time, as there is a whole series of factors that affect them, such as temperature variation, composition of the irrigation water, contributions from other substances (e.g., fertilizers), infiltration of rain water, etc. The amount of reactants or reaction products also varies, which can be proven if the values obtained for each of the reactions in the different samplings are compared.
Conclusions
1. During percolation throughout the vadose zone of treated wastewater used for irrigation, a whole series of physical, chemical, and biological processes are produced, which result in the treatment of infiltrated water.
2. The purification treatment process is reflected in the decreased values of certain parameters such as BOD 5 , COD, potassium, phosphates, ammonium, and nitrites along the profile of the vadose zone. 3. The processes which give rise to this purification treatment and the modification of concentrations of the different chemical compounds are of a very diverse nature; the most important are ionic exchange, nitrification, biodegradation, and precipitation. 4. The results obtained with the hydrogeochemical NETPATH model agree with those obtained experimentally. Precipitation of calcite, enrichment of CO 2 , ionic exchange between cations with K + , and Na + fixing have been proven, as well as gypsum dissolution between depths of 30 and 180 cm. In contrast, in the next modeled interval, between depths of 180 and 240 cm, release of Na + and impoverishment of CO 2 have been shown. 5. The application of hydrogeochemical models, such as NETPATH, in studies on vadose zones permits verification of the physico-chemical reactions that are deduced from the experimental data, as well as their quantification, making it possible to establish the importance of each one of these processes.
